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ABSTRACT
The kinetics of the chemical vapor deposition of germanium 
onto quartz substrates are to be studied. Chemical vapor 
deposition is of great importance in the semiconductor industry, 
but is, as yet, not thoroughly understood. In this process 
germane (GeH4) is heated in a vacuum until it thermally 
decomposes into germanium and hydrogen gas. The germanium is 
left deposited on th« substrate in the form of a mirror-like 
!• ii *L iflft 9
An appropriate apparatus in which to carry out this study 
was designed and constructed in room #1, Roger Adams Laboratory 
(please see figure 1). The deposition of germanium occurred in a 
horizontal, square-tube, quartz reactor that is nine inches long 
and one inch square. Substrate temperatures were achieved 
through the use of a resistive heater, and were measured by a 
thermocouple calibrated to the substrate temperature. Low vacuum 
conditions were achieved by a Welch Duo-Seal vacuum pump, and 
measured by a Varian thermocouple vacuum gauge. Flows of argon, 
a dilutant and purge gas, and an argon/germane gas mixture were 
controlled by Brooks Series 5858 mass flow controllers.
After growing a film for a known amount of time, it was 
placed in a sputtered neutral mass spectrometer where a section 
of the germanium was removed, leaving the surface of the 
substrate exposed. An Alpha-Step profiler was then used to 
measure the step height between the top of the film and the 
substrate surface, that is, the film thickness. Dividing the
thickness by the time of growth gave the value of the rate of 
reaction.
Films were grown at temperatures of 375, 395, 410, and 
425 C. Germanium film thicknesses ranged from 3700 to 7133 
angstroms, while growth rates varied from 1.23 to 2.79 angstroms/ 
minute. Due to the low flow rates of operation, it was assumed 
that the zero order, heterogeneous surface reaction would 
predominate. An activation energy of 16.5 kcal/mole was found 
for the germane decomposition reaction. This compares to the 
literature value of 17 kcal/mole.
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CHAPTER 1
INTRODUCTION
Chemical vapor deposition has become one of the major 
processing steps in the manufacture of microelectronic devices. 
It makes possible the growth very thin films without the use of 
extreme high temperatures that would greatly enhance 
interdiffusion. Chemical vapor deposition consists of a gaseous 
reactant chemically decomposing on or near a solid surface, 
allowing the nonvolatile reaction products to deposit atom by 
atom on the surface.
Although silicon is now used for most semiconductor device 
applications, germanium films are widely used for optical 
coatings and in some III-V semiconductor devices.
In spite of its widespread use however, the kinetics of the 
chemical vapor deposition process are very complex and not 
thoroughly understood. The purpose of this study is to design 
and construct an apparatus in which to conduct experiments to 
help better comprehend the kinetics of germanium chemical vapor 
deposition. Reaction rates of germane decomposition will be 
determined as a function of temperature, and a value for the 
activation energy will be found.
1
CHAPTER II
SURVEY OF LITERATURE
A. The Kinetics of the Thermal Decomposition of Germane
Several studies have been made on the kinetics of the 
thermal decomposition of germane. Tamaru et al. (1) studied the 
decomposition reaction in a no-flow system using vapor baths of 
mercury, diphenylamine, or acenaphthene to control the 
temperature. The rate of reaction was followed manometrically, 
as hydrogen is the only gaseous species resulting from the 
decomposition. They found that the rate of decomposition is 
dependent only on the partial pressure of germane, and not on 
hydrogen. At high partial pressures of germane the reaction 
appeared to be first order, with an activation energy of 51.4 
kcal/mole; however, at low pressures the order decreased to zero, 
with an activation energy of 41.9 kcal/mole.
By varying the amount of surface area and volume in the 
reactor, Tamaru attempted to discover whether the zero and first 
order mechanisms were surface or gas phase reactions. As the 
surface area to volume ratio was increased, the zero order 
reaction became more predominant, until finally, when the reactor 
was packed with glass wool, it appeared to be the only reaction. 
This indicated that the zero order pathway is a heterogeneous 
surface reaction and that the first order pathway is a 
homogeneous gas phase reaction.
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Tamaru also concluded that the surface of germanium is 
almost covered with adsorbed molecules, radicals, or atoms during 
growth. If this was the case, according to the statistical 
mechanical treatment of rate processes, the rate of reaction may 
be expressed as:
rate = (GkT/h) x exp(-E/RT)
where G is the number of sites per unit surface area. Finally, 
Tamaru postulated that the germanium surface was covered almost 
completely by GeHx radicals or chemisorbed hydrogen during the 
reaction, and that the overall rate was determined by the 
desorption of this hydrogen.
In Fensham et al. (2) this same research group did 
mechanistic studies of the thermal decomposition reaction through 
the use of light and heavy hydrogen. They found that the 
hydrogen-deuterium exchange reaction did not proceed at a 
measurable rate on the germanium surface, and that when germanium 
hydride is decomposed in the presence of an excess of deuterium, 
no hydrogen deuteride is detectable in the product stream. Thus 
it was believed that the dissociative chemisorption of gaseous 
hydrogen molecules on a germanium surface is immeasurably slow 
when compared to the rate of desorption of hydrogen from a 
similar geruanium surface covered with freely interacting 
fragments of partially decomposed germane. From this 
information, they concluded that the initiating step for the 
homogeneous gas phase decomposition is:
GeH4 ——  GeHj + H2 ,
and that the initiating step for the surface reaction is either
4
GgH 4 ——— GeH2 + H 2 
or
GeH4 --  GeH3* + H*.
In 1972, Hall (3) performed a study of the thermal 
decomposition of germane very similar to that which is described 
in this paper. In his experiments, Hall used concentrations of 
germane running from 0.3 to 3.0%, and a carrier gas flow rate of 
one liter/minute. It was shown by this study that Tamaru's (1 ) 
conclusions —  of a homogeneous gas phase reaction and a 
heterogeneous surface reaction occurring simultaneously —  are 
also applicable to a dynamic (flow) system. Hall did however 
find different values for the two activation energies. The zero 
order and first order decomposition reactions were found to have 
activation energies of 17 and 28 kcal/mole, respectively.
In order to measure the growth rate of the germanium film, 
Hall simply divided the final thickness of the film by the time 
of growth. The thickness of the film was determined by a 
Talystep I profiler, after a portion of the germanium had been 
removed with hydrogen peroxide. Activation energies were found 
by constructing an Arrhenius plot (In rate vs. 1/T) and 
multiplying the slope by minus one and the gas constant.
Hall concluded that several factors could lead to an 
increase in the rate of the homogeneous, gas phase reaction. 
Among these are an increase in the total flow rate, with a 
constant concentration of germane, and an increase in germane 
concentration, keeping the total flow constant.
5B. Sputtered Neutral Mass Spectrometry
The basic principles of sputtered neutral mass spectrometry 
SNMS are explained by Muller and Oechsner (4). In SNMS, neutral 
atoms and molecules being removed from a solid surface by ion 
bombardment are first ionized by a hot Maxwellian electron gas, 
and then analyzed by a mass spectrometer. The ionizing electron 
gas is a component of a special resonant, low pressure, high 
frequency plasma. Using argon, plasma densities of up to 1010 
cm~ 3 are possible with argon pressures of approximately 1 0 ~ 4 
mbar.
The ion bombardment of the sample is performed either by a 
separate ion gun, or, as in our case, by using directly ions from 
the plasma. In this “direct bombardment mode," the bombarding 
energy may be varied from about 10 eV up to several keV. 
Consequently,according to the energy dependence of the sputtering 
yield, the removal rate of the sample can also be controlled over 
a large range. Under low energy bombardment conditions, with the 
use of an appropriate ion optical arrangement, high lateral 
homogeneity may be achieved, thus producing extremely flat floors 
of the bombardment craters. In connection with the low 
bombarding energy, this results in a very high depth resolution.
CHAPTER III
EXPERIMENTAL 
A. Apparatus
In order to study the kinetics of the chemical vapor 
deposition of germanium onto quartz substrates, it was necessary 
to design and construct an appropriate experimental apparatus. 
Several requirements were placed on the system. First of all the 
apparatus had to be free of leaks under low vacuum conditions? 
germane is both pyrophoric and highly toxic. Also the presence 
of oxygen in small amounts in the reactor could lead to the 
formation of germanium oxides, thus competing with the deposition 
of germanium and affecting the observed kinetics. Second, the 
substrate had to be evenly heated to temperatures as high as 
500 C. If different parts of the substrate were at different 
temperatures, the film thickness would vary across the substrate 
and assigning it a particular growth rate would be impossible. 
Finally, the temperature of the substrate, the gas flow rates, 
and the system pressure had to be easily measured or calculated 
quantities.
These criteria were met by the final apparatus which is 
pictured schematically in figure 1. The deposition occurs in a 
horizontal, square-tube, quartz reactor which is 9 inches long 
and 1 inch square. At each end, the reactor tapers down to 1/2 
inch, ending in a ground glass ball joint. These ball joints 
attach the reactor to a section of glass tube 2 1/4 inches long, 
which is in turn joined to a 1 1 / 2 inch-long section of Kovar.
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Chemical Vapor Deposition Apparatus
FIGURE 1
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The substrate is heated by a resistive heater made by Tayco 
Engineering, Incorporated. The voltage supplied to the heater is 
controlled by a Variac, and the temperature of the heater is 
measured through the use of thermocouples and a Omega 871 digital 
thermometer. The heater is placed in direct contact with the 
bottom of the reactor and is insulated by a 2 5/8 x 2 5/8 x 1/2 
inch piece of Macor. The reactor, heater, and Macor are held in 
place by two 2 5/8 x 2 5/8 x 1/4 inch metal plates which screw 
together —  one below the assembly, and one above. In the center 
of the upper metal plate is cut a 5/8 inch diameter circular hole 
which is covered by a 7/8 inch diameter quartz view glass. Seals 
are kept between the reactor and the plate and the view glass by 
size 2-017 Viton O-rings from the Tech-Syn Corporation. The 
substrates themselves are 1 cm x 1 cm and are cut from quartz 
microscope slides.
Vacuum conditions are achieved through the use of a Welch 
Duo-Seal vacuum pump, model number 1405. The pressure in the 
system is monitored by a Varian 802-A thermocouple vacuum gauge. 
The flow rates of both argon and the argon/germane mixture are 
controlled by Brooks Series 5858 mass flow controllers. All 
piping in the system is 1/4 inch stainless steel connected by 
Swagelock fittings.
The reactor system was constructed over a circular hole in 
the table top, so that if radiative heating is ever attempted, 
positioning the radiative heat source underneath the reactor will 
be possible.
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It was necessary to perforin two sets of calibrations on the 
system before it was used for data acquisition. The first dealt 
with the mass flow controllers. One flow controller was designed 
to handle argon gas flow, the other, germane. However in this 
study, a 1% germane in argon mixture is used, so both flow 
controllers were recalibrated using pure argon gas (since the 
results would be very similar, the mixture was not used for 
calibration purposes due to its toxicity and expense). The 
movement of a soap bubble through a pipette was measured to 
calibrate the 0.0 to 100.0 digital readout of the flow 
controllers to an actual flowrate in cc/min (please see figure 
2 ) .
The second calibration dealt with a measurement of the 
substrate temperature. It is not feasible to have a thermocouple 
in contact with the substrate during actual experimentation, 
hence it was necessary to calibrate this temperature to an 
exterior thermocouple located directly underneath the heater. 
Calibrations were performed both with no gas flow at pressures of 
60 and 500 millitorr (please see figure 3) and with gas flow at 
flow rates of 1, 10, and 100 cc/min (please see figure 4). A 
further calibration was made of the heater temperature to the 
voltage applied by the Variac.
Once the germanium films have been grown, they are analyzed 
through the use of a Leybold-Heraeus sputtered neutral mass 
spectrometer and an Alpha-Step profiler, both located in the 
Materials Research Laboratory. The sputtered neutral mass 
spectrometer serves two purposes. First, it generates both a
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MASS FLOW CONTROLLER CALIBRATIONS
FIGURE 2
Mass Flow Controller Reading
FIGURE 3
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FIGURE 4
DYNAMIC TEMPERATURE CALIBRATION
Heater temperature (C)
mass spectrum of the concentrations of all molecular weight 
species present in the bulk phase (please see exhibit 1) and a 
composition with depth profile of the germanium film (please see 
exhibit 2 ), so that the quality of the film may be discerned. 
Second, it allows one to sputter away a section of the film down 
to the level of the substrate, so that by using the profiler the 
thickness of the film may be determined (please see exhibit 3).
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B. Procedure
Before each experimental run, both the reactor and the 
substrate were cleaned with a 2:7 mixture of hydrofluoric and 
nitric acid, followed by water, acetone, and methanol. The 
reactor was contacted with the acid solution only briefly for 
cleaning purposes, while the substrata remained in contact with 
the acid for approximately one minute in order to lightly etch 
its surface. After placing the substrate inside the reactor, 
vacuum grease was applied to the ground glass ball joints and the 
o-ring seals, and a vacuum was pulled on the system.
When the system had reached its base pressure (this ranged 
from a "zero" millitorr reading on the vacuum gauge up to a 
pressure of 25 millitorr) it was backfilled and purged twice with 
argon in order to remove any traces of oxygen. If the system was 
then holding a vacuum to a reasonable extent (less than 5 
millitorr leakage per minute), the substrate temperature was 
raised to its desired value. After thermal equilibrium had been 
reached, a flow of approximately 150 seem of the 1% germane in 
argon mixture was introduced. The appearance of the substrate 
was monitored until the beginnings of a metallic film were 
observed. Growth was then allowed for a known amount of time (30 
minutes in every case). The flow of germane was then halted and 
the temperature reduced. After backfilling and purging with 
argon three times, the system was brought up to atmospheric
pressure.
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The substrates were then analyzed by use of the sputtered 
neutral mass spectrometer and the Alpha-Step profiler. Using the 
sputtered neutral mass spectrometer at a low target voltage, it 
was possible to sputter the germanium film at a very slow rate. 
The concentration with depth profile of germanium was followed 
until the concentration dropped off markedly. At this point the 
surface of the substrate had been reached and sputtering was 
halted. The substrate was then placed in the profiler and the 
height of the step from the surface of the substrate to the 
surface of the film was measured in five different places. These 
five measurements were then averaged to give a final film 
thickness. Dividing this thickness by the length of time that 
the film was allowed to grow gave the value of the growth rate in 
angstroms per minute, assuming a constant rate of growth. This 
same assumption was made by Hall (2) in his thermal decomposition 
of germane study. A plot was then made of the natural log of the 
growth rate versus the inverse of the absolute temperature at 
which growth took place. The slope of this line was then 
multiplied by minus one and the gas constant to give the 
activation energy of decomposition and deposition.
CHAPTER 4
RESULTS
The argon and the germane flow controllers were calibrated 
with a stream of argon gas pushing soap bubbles through a 
pipette. The reading given by the argon controller corresponded 
almost exactly to the argon flow in cc/min (please see table 1 
and figure 2). The germane controller however consistently gave 
a reading of about half the actual flow rate (please see table 1 
and figure 2). This is explicable by the fact that germane has a 
molecular weight approximately twice that of argon.
The substrate temperature was calibrated to the heater 
temperature under both static and dynamic conditions (please see 
tables 2 and 3 and figures 3 and 4). As can be seen from the 
data, the temperature of the substrate increase with both 
pressure and flow rate. Although it would seem that the flowing 
gas would convectively cool the substrate, it is possible that 
the entire bottom of the substrate is not in thermal contact with 
the reactor floor and the gas increases the amount of conductive 
heating. It appears that perhaps the convective cooling begins 
to be a factor at higher flowrates, as is evidenced by the fact 
that the increase in substrate temperature is less for the 
transition between 10 and 100 seem than it is for that between 1 
and 10 seem.
Germanium growth was observed at substrate temperatures of 
375, 395, 410, and 425 C. Film thicknesses varied from 3700 to 
7133 angstroms, and growth rates went from 123 up to 238
16
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angstroms/minute (please see table 4 and figure 5) • An Arrhenius 
plot of the data showed three nearly coll inear points, and one 
data point significantly away from this line.
Performing linear regression on che three linear data points 
led to an activation energy of 16.5 kcal/mole for the germane 
decomposition reaction. This compares very favorably with the 
value of 17 kcal/mole indicated by the literature for the zero 
order surface reaction. This is reasonable, as Hall (3) 
indicates that the zero order reaction is predominant at low 
flowrates (as is the case in this study).
The two data points at the higher temperatures were taken 
from a recently prepared batch of substrates. This batch of 
substrates, upon examination in the Alpha-Step profiler, had much 
rougher surfaces as compared to earlier substrates. These rough 
surfaces introduced a large amount of error into the depth 
calculations, and are probably the major factor in the 
nonlinearity of the fourth data point. Considering only the 375 
and 395 C data points —  which were taken from relatively smooth 
substrates —  an activation energy of 15.8 kcal/mole is obtained. 
This again agrees favorably with the literature.
From the profiles obtained from the sputtered neutral mass 
spectrometer, it is apparent that the germanium films grown in 
the aforementioned low vacuum chemical vapor deposition apparatus 
are of reasonably high purity (please see exhibit 1). It is also 
possible to observe both a surface hydrocarbon layer and then an 
oxide layer on the concentration with depth profile (please see 
exhibit 2). Finally, a possible source of error is seen on the
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mass spectrum of the substrate surface (please see exhibit 4).
As the spectrum shows, the substrate surface is highly 
contaminated with molecules such as chromium and copper.
There are two possible operating alternatives which could 
improve future results from this apparatus. The first involves 
the growth rate measurement. Instead of assuming a constant rate 
of growth, as does Hall (3) (probably not a bad assumption), the 
growth rate could be measured through the use of the laser growth 
detection system designed by Jeong and Maxam (5). This would 
allow all areas of the experimentation to be performed in room 
#1, Roger Adams Laboratory, instead of necessitating frequent use 
of the Materials Research Laboratory's equipment.
The second alternative deals with the sputtered neutral mass 
spectrometer. It would be advantageous to use the ion gun for 
sputtering purposes as opposed to direct use of the plasma. This 
would allow a much slower and more controlled sputter rate, and 
it would be possible to more closely and evenly reach the surface 
of the substrate. This in turn would lead to less variation in 
the depth of the films as determined by the profiler. It can be 
seen in the sample calculations that even on the smoother films, 
there is a large amount of variation in depth measurements.
19
CHAPTER V
CONCLUSIONS
1. At the partial pressures of germane and the substrate 
temperatures used in this experiment, the zero order germane 
decomposition reaction predominated.
2. The activation energy of this heterogenous, surface reaction 
was found to be 16.5 kcal/mole —  compared to the literature 
value of 17 kcal/mole.
3. The apparatus which was designed and constructed for the 
purpose of studying chemical vapor deposition kinetics gives 
results comparable to those found in the literature, and is 
suitable for future research use.
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CHAPTER VI
RECOMMENDATIONS
1. The Varian thermocouple vacuum gauge should be replaced by a 
pressure gauge that can not only measure accurately pressures in 
the millitorr range, but up to atmospheric pressure as well.
2 . The ground glass ball joints should be removed from the
system, thus eliminating a possible source of leakage.
t. The stainless steel tubing which attaches to the Kovars 
should be replaced with flexible metal tubing. This would 
facilitate the removal of the reactor for cleaning, and would 
place less stress on the fragile glass reactor.
4. An alternative should be found to the cut-up microscope 
slides which are used as substrates. These tend to contain many 
impurities (please see exhibit 4), and often have very uneven 
surfaces.
5. The ion gun should be used for sputtering purposes as 
opposed to the direct use of the plasma.
6 . After a more in-depth study of the kinetics of germane 
decomposition (perhaps using a higher partial pressure of germane 
in order to study the first order, gas phase reaction), both 
digermane and dopant kinetics should be researched.
21
ACKNOWLEDGEMENTS
The author wi o thank the following persons for their
assistance and encc *gement on this project during the 1986-1987
academic year:
Dr. Richard Masel 
Thomas Gow 
Fourman Lee 
Art Backmann 
Pat Thomas 
Chuck Olsen 
John Gohndrone 
Dale Kyser 
John Welch 
Chris Loxton 
Scott MacLaren 
Kevin King
22
REFERENCES
(1) Tamaru, Kenzi, et.al. "The Thermal Decomposition of
Germane. I. Kinetics," The Journo- of Physical Chemistry, Vol. 
b9 , -80*' 195b).
{2 ) Fensham, P.7., "The Thermal Decomposition of
<5er m & m . 11. Mechani sm, " The Journal of Physical Chemistry,
Vol. bt, 80^-80$ (September 1955).
(1) Hall, Lou H., "The Thermal Decomposition of Germane," 
The Journal of ih«L_Elft£trochemiyhl_Socje ty, Vol. 119, 1593-1595
(November 1972).
(4 ) Muller, K.H., and Oechsner, H ., "Quantitative Secondary 
Neutral Mass Spectrometry Analysis of Alloys and Oxide-Metal- 
interfaces," Mikrochimlca Asta. Supplement 1 0, 51-60, (1983).
(5) Jeong, Jina, and Maxam, William, "Growth of Germanium 
by Low Pressure Chemical Vapor Deposition," Chemical Engineering 
390, May 13, 1985.
23
APPENDIX
TABLE 1
MASS FLOW CONTROLLER CALIBRATIONS
Argon Germane
reading cc/ntin reading cc/min5 3.45 5 5.2610 1 0 . 1 10 18.815 15.4 15 29.020 2 0 . 8 20 40.0
25 25.8 25 51.1
30 30.8 30 61.235 36.4 35 69.840 42.6 40 80.545 46.9 45 90.950 51.7 50 101.755 57.1 55 1 1 0 . 160 62.2 60 122 • 465 67.9 65 133.370 73.5 70 139.575 78.5 75 150.080 83.9 80 162.285 87.6 85 171.490 93.3 90 181.895 98.0 95 193.5100 103.1 100 206.9
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TABLE 2
HO FLOW TEMPERATURE CALIBRATION
60 millitorr
Variac setting
m
Heater temperature 
fC)
Substrate temperature 
(C)
0 17.9 17.1
10 43.6 40.8
20 100.3 87.9
30 193.3 159.0
40 287 223
50 393 292
60 482 348
70 574 401
Variac setting
500 millitorr 
Heater temperature Substrate temperature
m (C) (C)
0 20.0 20.0
10 44.0 42.5
20 103.8 96.0
30 201 176
40 299 248
50 411 324
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TABLE 3
DYNAMIC TEMPERATURE CALIBRATION
1.0 SCCM
Variac setting 
(V)
Heater temperature 
(Cl
Substrate temperature 
(Cl
0 18.7 18.5
10 43.9 40.2
20 103.4 84.9
30 201 156
40 302 227
50 396 289
60 490 350
70 576 404
Variac setting
10.0 SCCM
Heater temperature Substrate temperature
(V) (Cl (Cl
0 18 a 8 18.8
10 42.9 42.9
20 112.5 110.3
30 199 ’85
40 297 -61
50 378 318
60 486 390
70 567 440
Variac setting
100.0 SCCM 
Heater temperature Substrate temperature
(VI (Cl (Cl
0 20.0 20.0
10 46.7 48.3
20 103.9 106.6
30 199.6 196.7
40 294 277
50 388 350
60 488 421
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TABLE 4
GERMANE GROWTH RATE DATA
Temperature
__to
1000/T
JI/K)
Film thickness 
langstroms)
Growth rate 
(anas/mir^ In(rate)
4.815375 1.543 3700 123.3395 1.497 5340 178.0 5.182410 1.464 7133 237.8 5.471425 1.432 6333 211.1 5.352
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SAMPLE CALCULATIONS
The output from the Alpha-Step profiler (please see exhibit 1) 
was interpreted by counting the squares between the level of the 
substrate and the level of the top of the film. These values 
were then averaged for each film. For the growth run at 395 C, 
values of 27, 24, 2% 27, and 30.5 were found. The average of 
these is 26.7. Knowing that there are 50 squares and the full- 
scale value is 10,000 angstroms:
(26.7/50) * 10,000 = 5340 angstroms
Since this particular film was grown for 30 minutes, the growth 
rate is calculated as:
5340 angstroms / 30 minutes = 178 angstroms/min
For use in the Arrhenius equation, the natural log of this rate 
was found to be 5.1818.
The substrate temperature of 395 C was found from the heater 
temperature of 450 C by using the calibration curve for 100 SCCM 
(all runs were performed at a flow rate of approximately 150 
SCCM, but the difference in substrate temperatures for these two 
flows is less than three degrees).
Again for the Arrhenius plot 1/T was calculated:
(395 + 273.15)-1 = 0.001497
Using this data point and the data points at 375 and 415 C, the 
natural log of the rate was plotted versus the inverse of the 
absolute temperature. Using linear regression, the correlation 
coefficient was found to be -.99958, the intercept was 17.07, and 
the slope -8281.
Since the Arrhenius equation is:
In(rate) = In(A) - E/RT
the slope should be equal to -E/R. Multiplying the slope by -R: 
(-8281/K) * (-8.314J/mole K) * 68,850 J/mole 
(68,850 J/mole) / (4182 J/kcal) =-16.5 kcal/mole
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NOMENCLATURE
Symbol
C
cc
cm
E
eV
exp
G
GeH2
GeH2*
GeH3*
GeH4
h
H*
\
K
kcal
In
mbar
min
mole
Rseem
snms
T
V
Meaning
degrees Celsius 
cubic centimeters 
centimeter 
activation energy 
electron volt 
exponential
free sites per unit area 
germane radical 
adsorbed germane radical 
adsorbed germane radical 
germane
Planck's constant 
hydrogen radical 
hydrojen
Boltzmann1s constant 
Kelvin
kilocaioi ies 
natural log 
millibar 
minute 
gram-mole 
gas constant
standard cubic centimeters/minute 
sputtered neutral mass spectrometer 
absolute temperature 
voltage
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